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Some© tthe fimdameiniiLal aspects of ellectrocfeemos^ry are lo he developed, 
in order, m Paris A, B, amid C. this clhapiesr Ihias b©e?u desigfied to inirodiuce 
ampoKtasnt coiracepls mlaiLed lo elhe jfilow of flyids, niass tminisfer* raierfacBall 
pheeomesna, aod eiectroclhiemical thermodysuamics. For aocomi^sshiog ihm 
porpos®, at seems appropinaSe to foegjp with a sup^rfleial coimsodemtioini ®f 
the bi^IhavBdr of a partBciElair si©ctrcielh©mB©siI syst:®inni. M thfe way tihie reader 
•eajTi see how ilhese factors actt, aad DistLejract wit&ii eaclh otlher, to detennmirae 
system behavior. He caim tlhieEfii proceed witHi an overafil view of tihe ultBmate 
otility aod appBScatiozn of ilhe detaoled material as it is presented subseqwentiy. 
Sipce esseraEially all the maderial on Clhiapler 3 wilO be repeated later with a 
more thoronigh developmeEat, reference to original work and coBlalLeral read- 
mg w'M be postponed. 



The analysis of electrochemical systems draws primarDSy on three fon- 
damental areas of eOectrochemistry. 

Thermodynamics provides the femework for descrobiimg the properties 
of'dectrolytie solutions arad their dependesiKse on eompositioiTB, teimiperatuire, 
aod prcssyre. This is a macroscopic science airad heoce provides asi appro- 
priate basis for our studies, since the system behavior need fsot be correlated 
with macroscopic or molecular cojiicepts. Thermodypamics also provides a 
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2 fntroduction Chap, I 

framework for describing reaction equilibria and thermaj effects, which man- 
ifest themselves most directly in equilibrium cell potentials. Furthermore, 
the driving forces for irreversible processes are conveniently expressed in 
thermodynamic terms. 

Departures from equilibrium conditions are inherent in the application 
of electrochemical systems. Electrode kinetics concerns the Donequilibnum 
driving force, or mrface overpotentiaU necessary to make heterogeneous 
electrode reactions proceed at appreciable rates. Here again, we seek to 
express relationships among macroscopically measurable quantities as they 
will affect system behavior* 

Of equal importance arc irreversibilities associated with transport in 
electrolytic solutions. These are responsible for ohmic losses and heating in 
the solutions, and for limited rates of transfer of reactants to electrodes and 
products away from electrodes. 



1.2 ROTATING CYUWDERS 

To illustrate the applications of these fundamental areas of thermo- 
dynamics, electrode kinetics, and transport phenomena. Chapter 1 will con- 
sider their use in the analysis of a simple electrochemical system; namely, 
two concentric* cylindrical electrodes with an electrolytic solution in the 
annulus between the two* as shown in Figure l.L The application of an 




Electrodes 



FlgDrc 1,1 System of cylimlriciil electrodes, ihe inner of Which can rotalc. 

PAGE IS/28' RCVD AT 6/2212005 5:i7:53 PM [Eastern Daylight Time] ' SVRiUSPTO^FXRF-IIO' DNI8:8729306* CSID:612 288 9(96* DURATION (iivn-ss):08-34 



06/22/^005 17:05 FAX 612 288 9696 FISH (? RICHARDSON 121019/028 

16 imrodLicnon Chap. I 

responds lo subtracting the ohmic contribution that would exist in the ab- 
sence of concentration variations. This definition of concentration over- 
potential differs from the preceding one by the integral in equation 1 -24, 
which is the difference in the ohmic contribution with and without concen- 
tration variations. This term can thus be logically associated with concen- 
tration variations near electrodes* 

In the present case, with the conductivity related to the concentration 
by equation 1 .6 and with an assumed linear variation of concentration in the 
diffusion layer, the concentration overpotential can be expressed as 

--f['-^-('-s)]- 

where c"» refers to the concentration immediately adjacent to the surface of 
the working electrode. 

One of the advantages of this modified definition of the concentration 
overpotential stems from the fact that the potential difference 4>i - can 
now be expressed as 

<Pi - *2 = A<l>ohm + Ti,-(anode) - iic tcaihode), (1.26) 

where in this case A4>ohrn can be calculated without regard for the concen- 
tration variations near electrodes and is. in fact, given by equation 1.1 0, The 
difference between these two definitions is probably not important except 
for solutions of a single electrolyte, such us the cupric sulfate solutions being 
considered here. In detailed calculations for many electrochemical systems, 
it is desirable lo calculate the potential distribution in the bulk solution some- 
what separated from the details of the calculations of concentration varia- 
tions near electrodes. The principal disadvantage of the second decompo- 
sition of potentials lies in (he fact that it is different from the decomposition 
of potential ditTercnces by interrupter methods. 

Figure L9 shows the concentration overpotential at a cathode for cur- 
rents up to the limiting current. 



1.8 SURFACE OVERPOTENTIAL 

An additional contribution to the overall cell potential is the driving 
force required lo make the electrode reactions proceed at appreciable rales. 
The surface overpotential is defined as the potential of the working electrode 
relative lo a reference electrode of the same kind placed in the solution 
adjacent to the surface of the working electrode- This reference electrode 
is thus one of those used to define the concentration overpotential. For 
example, at the anode in Figure 1.8, the surface overpotential is 

i\y = 4>(anode) - 4>i. (1.27) 
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Sec. 1.8 Surface Os^oiential 17 




-'7^ (mV) 

Figure 1.9 Cohcentralion ovcrpotential& at a calhode in 0.1 M CuSO^. 



The rate of the electrode reactions is the rate of dissolution or depo- 
sition of copper, and this can be conveniently measured by the current den- 
sity at the electrode* By convention, the current density is positive when it 
flows from the electrode into the solution. Thus, current densities are pos- 
itive at anodes and negative at cathodes. 

The current density depends on the driving force and thus is related 
to the surface overpotential and the composition of the solution at the in- 
terface, as well as the temperature. For example, the current density can 
frequently be expressed as 

* = <„[exp(^^)-exp(-|f^.)]. (..2«, 

This is similar to the expression of the rate of a noneleclrochemical, het- 
erogeneous reaction. The first exponential term can be regarded as repre- 
senting the rate of the anodic process, and the second term, that of the 
cathodic process. These are governed by activation energies which depend 

t\' on the surface overpotential. 

When 0, the anodic and cathodic currents are equal in magnitude 
to each other and to /q. This is an important kinetic parameter and is termed 
the exchange current density* Different reactions may have exchange current 
densities that differ by many orders of magnitude. Furthermore, the ex- 

^ change current density depends strongly on the composition at the interface 
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Irarodixoon Chap, i 

amd on the tempemture. ©« and Or are two additional kinetic parameters and 
may be termed apparent transfer coefficients. They usually have values 

between 0.2 ajnd 2. 

Equation 1.28 serves to show explicitly a typkal dependence of ire- 
aGtiom rat© on surfece overpotential. Tllje depemdtence oini composition and 
tempsrature is mt showirj enplicilly, since «© depeisds on these factors m m 
unspecified maninieir. Masny reactions, mch as tjiose involving ojdde for- 
mation, are compBicaied and do not follow equation 8 .28. Even the relatively 
simple copper electiK>de is.coraplicated. At high anodic rates, appreciable 
amoumts of cuprous ions are formed. These subsequemtlly disproportionate 
iia the solution to yield cupric tons and copper, which precipitates, 

2Cis^ j> Cu^'* + Cu, (1.29) 

It should also be tuowd that the value of i» cam depend on the compositDomi 
and preparalioH of the electrode and osni the pmssemcc of imnpurities. 

With these words of caiiSion; we introduce ©quatoon II .2S to describe 
■electrachemical! kinetics in general or in ths absence of dstaiOed information. 
It should be emphasized that the goal here is to relate the reactoon rat® or 
current density to conditsoms prevailing at the jntetfaee itself. Thus, we de- 
ime the surface overpotenlial in terras of a reference electrode well within 
the dofFusiom layer, adjacent to the eleciirode surface; ami we seek to relate 
the kimetic parameters to the composition sdjaGem to the electrode, not to 
the composiSLioD of the binlk sototiom ©r to conceniittratno?^ p'adicms near the 
surface. 

Tlhe exchange ciiarr©BK desnsity is a measuir© of th© freedom from kiiraetie 
limitations. A reaction wStlhi a large value of i© is frequently said to be fast 
or reversible. For large values of fo, a gSven current density can be obtained 
with smalS surface overpotenKoals. 

Figures 1.10 and BJI illustrate the behavior of equation 1.28. One can 
see that higher values of io give higher values oiT the curres^t density at a 
given surface overpotmtial. Figure IJH is a so-caBled Tafel plot, used be- 
cause, at high surfece overpotentialls, one of th© terms on equation L28 be- 
comes negligible, amd a straight line is obtained on a semilogarithmic plot. 
Thus 

/ = ,-.exp(^„.) or „, = 2^3£^Ioe^ 

for ciaFvif ^ 
i = -fo exp ^- ^ or Ti, = -2.303 £J log 

for acF% <« -RT. 

The Tafel slope, either 2.303 RTfa^F or 2.303 RTfcirF, is thus seen to be 
inversely proportional to the apparent transfer coeMcients, 
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